Neisseria meningitidis, which causes both epidemic and endemic disease worldwide (8) , is a common human commensal that exhibits age-dependent levels of asymptomatic carriage (5, 7) , ranging from 5 to 40%, in all human populations examined to date. While carried meningococci may either be acapsulate or express one of 13 serologically distinct capsules (60) , only capsulate meningococci, expressing serogroups A, B, and C and to a lesser extent Y and W135, are frequently isolated from cases of invasive disease (48) . The capsule is an important virulence factor in meningococcal disease that protects the bacterium from opsonophagocytosis in the bacteremic stages of meningococcal disease (58) . Expressed capsular antigens of N. meningitis are readily characterized by serological means (60) , and variation in serogroup frequency among diseaseassociated isolates over time and geographic region is a wellestablished feature of the epidemiology of meningococcal disease that is yet to be completely explained (48) .
Typing methods based on the detection of genetic variation in housekeeping genes, initially multilocus enzyme electrophoresis (MLEE) (13) and more recently multilocus sequence typing (MLST) (41, 59) , have identified extensive genetic diversity in meningococcal isolate collections. Intriguingly, despite extensive nucleotide sequence-based evidence for high levels of horizontal genetic exchange in meningococcal populations (21, 28, 30) , this diversity is highly structured into groups of related genotypes that persist for decades and during global spread (8) . These groups are identified in MLST data sets as groups of related sequence types (STs) known as clone complexes (41) , which are thought to correspond to lineages of bacteria that have arisen from a common ancestor. Collections of meningococci recovered from asymptomatic carriers exhibit more genetic diversity than isolate collections derived from invasive disease; the majority of cases of meningococcal disease reported over the second half of the 20th century were caused by a limited number of clone complexes, the so-called hyperinvasive lineages (12) . The frequency with which the various clone complexes cause disease varies with space and time, and members of the same clone complex may be associated with different serogroups, although they tend to be uniform in a given outbreak of meningococcal disease (8) .
Despite the importance of asymptomatic carriage in the biology of the meningococcus and the idea that changes in the carriage prevalence of meningococcal clone complexes are responsible for changes in disease epidemiology (55) , the relationships between carriage and disease are yet to be fully elucidated. Here we examined the distribution of serogroups and genotypes in a collection of 667 meningococci isolated from individuals with meningococcal disease and asymptomatic carriers in the period 1991 to 2000 in the Czech Republic, Greece, and Norway. The results confirmed that the distribution of meningococcal serogroups and clone complexes varied with geographic location and that some meningococcal genotypes were significantly overrepresented in cases of invasive disease compared with their point prevalence in meningococ-cal carriage. The data also indicated that clone complexes differed in their degree of diversity and in their likelihood of being associated with invasive disease.
( 
MATERIALS AND METHODS
Bacterial isolates. The isolate collection (Table 1) was assembled from preexisting samples available in the Czech Republic, Greece, and Norway, representing central, southern, and northern Europe, respectively. All three countries have national reference laboratories that routinely collect meningococcal isolates obtained from cases of invasive disease and periodically carry out surveys of meningococcal carriage as part of outbreak investigation, surveillance, or research. The study was limited to a period of 10 years, 1991 to 2000 (Table 1 ). All bacterial isolates were characterized by Gram staining, oxidase reaction, and biochemical tests. They were serogrouped by slide agglutination with commercial antisera against meningococcal capsular polysaccharides (serogroups A, B, C, 29E, W135, X, Y, and Z; Abbot Laboratories) or monoclonal antibodies (serogroups A, B, C, W135, Y; National Institute for Biological Standards and Control, Potters Bar, United Kingdom). The isolates were also serotyped and serosubtyped with monoclonal antibodies (1, 66) (data not shown but available at http://neisseria.org/nm/emgm/eumennet/wp5).
(i) Czech Republic. A total of 112 isolates obtained from carriage studies undertaken in 1994 and 1996 were included. These comprised a random sample of 79 of 91 isolates obtained from 947 individuals (carriage rate, 10.4%) from three geographic regions during 1994 and a randomly chosen subset of 33 of 83 isolates obtained from 836 individuals (carriage rate, 9.9%) in one region in 1996. The 81 patient isolates were a random sample representing 37% of the disease isolates sent to the Czech National Reference Laboratory in 1994 and 1996.
(ii) Greece. The 88 isolates from asymptomatic carriage were a random subset of 334 isolates obtained from a survey of 3,167 individuals (carriage rate, 10.6%) sampled mainly in 1999 in four regions of northern Greece (Ioannina, Serres, Florina, and Evros) which had experienced an increase in immigration from neighboring countries (Albania, Bulgaria, and Turkey) (34 (iii) Norway. The 153 carrier isolates originated in two regions: 91 isolates came from 943 randomly chosen individuals (carriage rate, 9.6%) sampled in the municipality of Lørenskog near Oslo in 1991 (11) , and a further 62 isolates originated from a study of 523 individuals (carriage rate, 11.9%) in Buvika in Sør-Trøndelag County in 1996, which was initiated in response to an outbreak of ST-32 (ET-5) complex meningococci (4) . The 142 patient isolates represented 85% of all cases of invasive meningococcal disease reported in Norway in the period 1999 to 2000.
Isolation of DNA and MLST. Meningococci were grown overnight on chocolate agar plates at 37°C in a 5% CO 2 atmosphere. A sample (ϳ10 l) of bacterial growth was suspended in 100 l of 1 M Tris-EDTA buffer (pH 8.0) and boiled for 10 min to disrupt the cells and inactivate DNases. Particulate matter was removed by sedimentation at 12,000 ϫ g, and the supernatant was used in subsequent analyses. MLST was performed as described previously (28, 41) . Each of the seven gene fragments was amplified, sequence extension reactions were performed with BigDye terminator cycle sequencing kits (Applied Biosystems), and products were separated with an ABI 377 or 3700 DNA analyzer in accordance with the manufacturer's instructions. Each sequence was determined at least once on each DNA strand. Members of the ST-11 complex were further sequenced at the fumC locus as described previously to see if they possessed the nucleotide sequence polymorphism characteristic of the ET-15 variant of this complex (63) .
Assignment of STs and clone complexes. Individual MLST gene fragments were assigned allele designations by querying the allelic profiles/ST Neisseria MLST database (http://pubmlst.org/neisseria). Novel alleles were submitted to the database curator for validation and assignment of allele numbers, and the allelic profiles were entered into a study-specific isolate database (http: //neisseria.org/nm/emgm/eumennet/wp5). Novel STs were submitted to the Neisseria PubMLST isolate database for assignment. Potential new clone complexes were identified by analysis of any unassigned STs by BURST analysis (18) , as implemented in the program START (29) , to identify central STs, followed by querying these against the MLST profile database to find profiles that matched at four or more of the seven MLST loci. Matches that contained more than 20 STs, with minimal overlap with the other defined clone complexes, were forwarded to the Neisseria MLST database management committee for consideration.
Analysis of nucleotide sequence variation. The numbers of shared polymorphisms and fixed differences among data sets were determined by using the program DNAsp (51). The degree of genetic variation between subpopulations was quantified by Wright's statistic F ST , the correlation between alleles within a subpopulation relative to alleles within the total population (68, 69) . If the population is thoroughly mixed, there is no correlation and F ST is zero; if there is subdivision, F ST is greater than zero. This parameter was analyzed by analysis of molecular variation (19) implemented in the software package ARLEQUIN, version 2.00 (53) . Significance values for F ST were calculated by means of a permutation test.
Statistical analyses. Logistic regression models were used to estimate the strength of association between isolate characteristics (serogroup and clone complex) and whether the isolate originated from a healthy carrier or a clinical case. Isolates in serogroups other than the main disease-associated capsular groups (B, C, W135, and Y) were grouped as other groups (36 isolates) and as nonserogroupable or unspecified group (144 isolates). This combined othernonserogroupable group was used as a baseline, and serogroups were compared to this and to each other in a single model. Analysis was repeated with the nonserogroupable or unspecified group excluded. The association between clone complex and disease in the data set was assessed by using a separate model for each complex, comparing isolates within the complex to all other isolates. This was undertaken for the ST-11, ST-23, ST-32, ST-35, ST-41/44, ST-162, and ST-269 complexes. All models were adjusted for country effects and year of isolation to allow for differential sampling of cases and carriers in each country and over time. The results presented are from models including a linear effect of time on prediction of source of isolation and without interaction between time and country effects. Interaction between country and organism characteristics was also assessed for serogroup and for those clone complexes showing the strongest association with disease or carriage (ST-11 and ST-23).
RESULTS
Meningococcal serogroups and association with disease. All but one of the 314 meningococci obtained from invasive disease were serogroupable, with 190 serogroup B isolates (60.5%), 101 serogroup C isolates (32.2%), 10 serogroup W135 isolates (3.2%), 9 serogroup Y isolates (2.9%), 2 serogroup A isolates, and 1 serogroup X isolate. A total of 210 of the 353 carrier isolates (59.6%) were serogroupable, with 114 serogroup B isolates (32.3%), 36 serogroup Y isolates (10.2%), 17 serogroup C isolates (4.8%), 10 serogroup W135 isolates (2.8%), 10 serogroup Z isolates (2.8%), 8 serogroup A isolates (2.3%), 8 serogroup 29E isolates (2.3%), and 7 serogroup X isolates (2%). Serogroup distributions were similar between countries in the carrier isolate collections but more variable in the disease isolate collections (Fig. 1) , with, for example, serogroup B isolates predominant among disease isolates from Norway and Greece and serogroup C isolates predominant in disease isolates from the Czech Republic.
A strong association between disease and expression of se- (Table 2) . Genotypic characterization and geographic structuring of genetic diversity. There were 308 STs among the 667 isolates, 488 (73.2%) of which were assigned to 23 clone complexes (Fig. 2 ). There were 139 STs among the 314 disease-associated isolates, 259 of which (82.5%) were assigned to one of 15 clone complexes. The carrier isolates were more diverse, with 197
STs among the 353 isolates, 229 of which (64.9%) were assigned to one of 22 clone complexes. Only one clone complex (ST-5 complex, one isolate) was present in the disease isolate collections but absent in the carrier isolate collections.
The sequence upstream of position 776 of the fumC gene was determined for all patient isolates belonging to ST-11. The presence of A at position 640 in 47 of 49 serogroup C isolates from the Czech Republic, in 7 of the 8 serogroup C isolates from Norway, and in all ST-11 isolates from Greece confirmed that these meningococci represented the ET-15 variant of the ST-11 (ET-37) complex, as identified by multilocus enzyme electrophoresis (63) . The remaining ST-11 isolates contained G at position 640.
The clone complexes were not uniformly distributed among the three countries, and the ST-162 complex, the members of which were present mostly in the isolate collections from Greece (Fig. 2) , was identified in this study for the first time.
The most frequent phenotype of strains of ST-162 was B:4: P1.14, but various other serotypes (including serotypes 1, 14, and 15) were found in association with the ST-162 strains. There were three other potential new clone complexes identified, with the following central genotypes: ST-103 (14 isolates); ST-60 (16 isolates), and ST-178 (5 isolates).
Comparisons of the allele sequences for all loci by analysis of molecular variation demonstrated highly significant countryto-country differentiation for both the disease and carrier isolate collections. The F ST values observed ranged from 0.024 (abcZ locus) to 0.071 (aroE locus) for the carrier isolates and from 0.077 (aroE locus) to 0.198 (adk locus) for the disease isolates from all three countries. A similar analysis provided evidence for highly significant differentiation between the disease and carrier isolates within each country at all seven MLST loci (Table 3) . Nevertheless, pairwise comparisons of the genetic variation among country-specific disease and carrier isolate collections identified no fixed nucleotide differences and between 385 and 482 shared polymorphic sites (data not shown).
Variation within clone complexes. There was strong evidence of the association of certain clone complexes with particular serogroups, although these associations were not absolute. For example, most of the ST-11 complex isolates were serogroup C (83 of 103; 80.1%) with a minority being serogroup B (11 of 103; 10.7%) or W135 (6 of 103; 6.8%); only three members of this clone complex (2.7%) were not serogroupable (Table 4 (Table 5) . Association of clone complexes with disease. The clone complexes were not uniformly distributed among patient and carrier isolates, with some complexes occurring more frequently in the isolate collections from patients and others occurring more frequently in the carrier isolate collections (Table 4) . For seven clone complexes it was possible to calculate odds ratios for association with disease. Members of the ST-11 complex were significantly more likely to be associated with disease, while, conversely, members of the ST-23 complex were significantly more likely to appear in isolate collections from asymptomatic carriers. The directions of associations were maintained following adjustment for serogroup, and in the case of the ST-11 complex, a strong and significant association remained (Table 4) . Thus, notwithstanding the substantial overlap of ST-11 with serogroup C, both of these factors were independently positively associated with disease. Given the sample size and adjustments made to account for country and year effects, the confidence intervals were large and for several clone complexes crossed unity; however, the odds ratios and confidence intervals obtained for the other clone complexes were consistent with differences in the likelihood of their association with disease.
There was also evidence of differences in disease association among STs within clone complexes; in particular, ST-41 was significantly more likely to be associated with disease than the other STs in the ST-41/44 complex (Fisher's exact test, P Ͻ 0.001).
DISCUSSION
Since 1805, when meningococcal disease was first recognized (61), numerous epidemics, of various durations and intensities, have been described (54) . In modern times, the annual reported incidence rates of meningococcal disease fluctuate from less than 1 case per 100,000 to greater than 500 cases per 100,000, changing with time and geographic location (50) . Epidemics can last either a few weeks or many years and spread globally (10) . They are normally dominated by meningococci of a particular genotype that express capsules of one of the major disease-associated serogroups (9) . As N. meningitidis is transmitted primarily by asymptomatically colonized individuals, it is likely that increases in disease incidence are caused by changes in the genotypes present in the commensal flora (25) . Comparisons of meningococcal isolate collections have, however, indicated major differences in the serological and genetic compositions of isolates from patients and carriers (12) . Typ- (30) . The data collected in the present study, which span three European countries and 10 years, confirmed these observations and permitted quantitative estimates of the invasive potential of meningococci expressing different serogroups and belonging to different clone complexes. The disease and carrier isolate collections from all three countries were dominated by serogroup B and C meningococci. Although outbreaks of serogroup W135 and Y disease have occurred in other parts of the world in the period of our study (32, 43, 49) , these serogroups were relatively uncommon among the disease isolates. Serogroup Y, however, was the third most common serogroup in carriage isolates in all three countries. Serogroup A meningococci, which have been responsible for a number of large-scale epidemics and pandemics (45) and continue to cause meningococcal disease in Africa (24), are currently rare among disease isolates from Europe and North America (49) . This was reflected by their low prevalence in this study among both disease and carrier isolates.
As would be expected from the role of the capsule in the pathogenesis of meningococcal disease (31, 39, 64) , all but one of the patient isolates expressed a polysaccharide capsule. The nonserogroupable carrier isolates include meningococci that expressed capsules that were not recognized by the panel of serogrouping reagents employed, along with bacteria that lacked the capsule locus, capsule-null meningococci (14, 16) ; neither of these would be likely to cause disease. Nonserogroupable isolates would also include meningococci in which serogroup expression has been down-regulated by one or several genetic mechanisms (26, 27, 56) ; at least some of these isolates would have the potential to cause disease. For this reason, the analysis of the association of disease with serogroup was performed with the whole data set and with the subset of serogroupable isolates. Both analyses showed a highly significant association of serogroup B, C, and W135 capsule expression with disease, with serogroup C estimated to be 14 times more strongly associated with disease than serogroup B. The association was less strong for serogroup Y, although other countries, most notably the United States, have reported an increased incidence of serogroup Y disease in recent years (49) . As the carrier and disease isolates were not precisely matched, adjustment for country and year of isolation was made. Although this control was not complete, it is unlikely that the large associations observed were artifacts.
Meningococcal populations are highly diverse, at least partially as a consequence of high rates of horizontal genetic exchange (22, 28, 30) . A number of features of our data set were consistent with these observations, including the absence of any fixed nucleotide differences and the high number of shared polymorphisms evident in the pairwise comparisons of the disease and carrier isolate collections from different geo- Meningococci belonging to the ST-11 complex were positively associated with disease, while the ST-23 complex meningococci were negatively associated with disease. A strong relationship remained for ST-11 after adjustment for serogroup. There was some evidence for the association of the ST-269, ST-41/44, and ST-32 complexes with disease, although data sets that are slightly larger and more precisely matched in space and time would be necessary to establish these associations definitively.
Previous investigations have shown the association of particular clone complexes with certain serogroups, although the strength of this relationship varies. The ST-1, ST-4, and ST-5 complexes are strongly associated with the manosamine-based serogroup A capsule (41, 46, 65) , but changes among meningococci expressing one of the four sialic acid-based capsules, i.e., serogroups B, C, Y, and W135, are more common (35, 57) . These capsule changes require the horizontal genetic transfer of the siaD gene of the capsular operon and have been reported on numerous occasions (42, 57, 62) . Increases in the incidence of a serogroup among cases of invasive disease can often be attributed to the spread of a particular clone within a clone complex. For example, in a 20-year period immediately preceding this study (1970 to 1992), disease in the Czech Republic was largely endemic and caused by serogroup B meningococci (37) . During the early 1990s there was a rapid increase of serogroup C disease caused by the ST-11 variant characterized by a mutation in the fumC gene (also known as the ET-15 variant of the ET-37 complex) (63) . After its first report in Canada (3), this variant has spread globally, causing increases in the incidence of serogroup C disease in many countries, including the Czech Republic in 1993 (36) , Greece in 1993 (33) , and Norway in 1994 (63) . This epidemic triggered a number of major public health interventions worldwide, including mass immunization (6, 15, 52) and the accelerated introduction of the serogroup C conjugate vaccine (44) . As seen in all three carrier collections, ST-11 complex meningococci normally occur at a low prevalence among carriage isolates (12, 20, 23, 47) ; however, during 1993, a year before the collection of most of the Czech isolates used in the present analysis, there were unusually high levels of ST-11 serogroup C carriage in the Czech Republic, possibly due to the recent spread of the variant (30) . An unusually high level of carriage has also been reported for ST-11 serogroup W135 bacteria in the Gambia, possibly for the same reason (40) .
The central ST dominated each of the more common clone complexes identified. These STs have been isolated on many occasions, frequently spanning decades and exhibiting a global distribution. For example, at the time of this writing, 371 ST-11 meningococci were represented in the Neisseria PubMLST database; they were isolated over a period of 39 years in 29 countries that represented all inhabited continents. The diversity of the clone complexes varied, however; the ST-11 complex was the most conserved, while the ST41/44 complex showed the most diversity. There was evidence that certain STs within the ST-32 and the ST-41/44 complexes were associated with disease, although these complexes as a whole had no positive associations with disease. The difference in apparent pathogenicity between ST-41, which is common among disease-associated meningococci (41) , and ST-44, which is more common among carrier strains (30) , has led to both STs being used to define this clone complex (http://www.PubMLST.org /neisseria). It is tempting to speculate that these two closely related genotypes exhibit specific, but yet unknown, genetic differences explaining their differences in disease association.
These analyses show that point prevalence in carriage is not a reliable predictor of disease incidence for hyperinvasive meningococci and that this varies among, and indeed within, clone complexes. While it is possible that this reflects differences in intrinsic pathogenicity as a consequence of the presence or absence of particular virulence determinants, it may be a consequence of differences in carriage dynamics. Highly transmissible meningococci with low duration of carriage would be acquired by new hosts more frequently than organisms with lower transmissibility and longer duration of carriage; however, the latter would be present at higher levels in point prevalence studies. As it is thought that acquisition is a risk factor for disease, with most disease onset occurring shortly after acquisition (17, 67) , this would result in an overrepresentation in disease and an underrepresentation in carriage of meningococci exhibiting high transmissibility and low carriage duration. Accurate determination of the duration of carriage for clone complexes, such as the ST-11 complex, by means of appropriate longitudinal carriage studies (2) would establish whether transmission dynamics represent a likely explanation for their apparent pathogenicity.
These data confirm that, despite their high rates of horizontal genetic exchange (38) , meningococcal populations are highly structured into clone complexes that persist over periods of decades and during global spread, often with a remarkable degree of genetic stability. The carriage and disease populations are genetically highly differentiated among European countries, perhaps as a result of more intense meningococcal transmission within than among countries. However, our study clearly demonstrated that not only the hyperinvasive lineages but also the prevalent carried lineages are capable of wide geographic spread.
